Introduction
Post-transcriptional gene regulatory processes such as RNA splicing and maturation, as well as messenger RNA (mRNA) transport, stability and translation, are gaining increasing recognition as key mechanisms controlling gene expression during the stress response, and modifications of mRNA stability and/or translation are increasingly reported in cancer (Audic and Hartley, 2004; Holland et al., 2004; Rajasekhar and Holland, 2004) . mRNA stability and translation are controlled through a complex network of RNA-protein interactions involving specific RNA-binding proteins (RBPs).
The unr gene (upstream of N-ras) was identified as a transcription unit located immediately upstream of N-ras in the genome of several mammalian species (Jeffers et al., 1990; Nicolaiew et al., 1991) . Unr has a broad tissue and cell type distribution and, in several cases, proliferation was correlated with Unr expression (Nicolaiew et al., 1991; Lopez-Fernandez et al., 1995; Masuda et al., 2002; Wilson and O'Neill, 2003) . The Unr protein contains five cold-shock domains (CSDs). CSD is an B70-amino-acid residues domain, highly conserved during evolution, which binds single-stranded DNA and RNA (Graumann and Marahiel, 1998) . In both procaryotes and eucaryotes, CSD proteins are involved in transcriptional and post-transcriptional control of gene expression. In procaryotes, a group of cold-shock proteins (CSPs) are induced in response to different stress, such as cold shock or nutritional starvation, and confer stress adaptation to bacteria (Thieringer et al., 1997; Yamanaka et al., 1998; Verbenko et al., 2003) . In eucaryotes, Y-box-binding proteins, containing one CSD and an additional basic/aromatic RNA-binding domain, have the capacity to interact with doublestranded DNA and RNA. The best-characterized Y-Box protein, p50/YB-1, is a multifunctional protein involved in the regulation of transcription, splicing, mRNA turnover and translation (Wolffe, 1994; Matsumoto and Wolffe, 1998) . Protein p50/YB-1 has been implicated in a variety of biological processes, including proliferation and resistance to DNA-damaging agents (Kohno et al., 2003) .
The properties of Unr make it a unique member of the superfamily of CSD proteins (Graumann and Marahiel, 1998) . Unr is a cytoplasmic RBP that, in vitro, binds preferentially to purine-rich motifs (Jacquemin-Sablon et al., 1994; Triqueneaux et al., 1999) . Recent studies revealed that Unr is involved in the regulation of mRNA turnover and translation. First, Unr is involved in the decay of c-fos mRNA and in the stabilization of PTH mRNA (Grosset et al., 2000; Chang et al., 2004; Dinur et al., 2006) . Second, Unr has been characterized as a translational regulator. Unr is required for translational repression of male-specific lethal 2 mRNA, for X-chromosome dosage compensation Duncan et al., 2006) . Unr is also a factor required for internal initiation of translation (Hunt et al., 1999) , a process that allows cap-independent recruitment of ribosomes to mRNA. This process is mediated by sequences called internal ribosome entry sites (IRESs), present in a subset of mRNAs encoding proteins involved in embryonic development, cellular proliferation and apoptosis (Holcik et al., 2000; Hellen and Sarnow, 2001; Vagner et al., 2001) . Unr stimulates IRES-dependant translation of the mRNAs encoding c-myc, the cell cycle PISTLRE kinase and Apaf-1 (Mitchell et al., 2001; Evans et al., 2003; Tinton et al., 2004) .
These known Unr targets suggested the implication of Unr in the control of cell proliferation and death. To address the biological role of Unr, we generated Unr mutant mouse by homologous recombination. Inactivation of Unr resulted in embryonic lethality in homozygous mutants, implying that unr is an essential gene (Boussadia et al., 1997) .
In the present study, we have used Unr-deficient embryonic stem (ES) cells (Boussadia et al., 2003) to analyse the role of Unr in cell proliferation and response to stress. Although they have similar proliferation rates in vitro, ES cells lacking Unr display a decreased sensitivity to ionizing radiation (IR)-induced apoptosis, this resistance being associated with reduced expression of p53, Gadd45g and caspase-3, three genes encoding pro-apoptotic proteins. In contrast, in the somatic hepatoma cell line HuH7, small interfering RNA (siRNA)-induced Unr knockdown resulted in apoptosis induction. Thus, our results establish that Unr is acting as a positive or negative regulator of cell death, depending on the cell type.
Results

Proliferation and survival following g-irradiation of Unr-deficient ES cells
We used ES cells, in which both the copies of the gene encoding Unr were disrupted by homologous recombination, to investigate the possible role of Unr in cell proliferation and survival modulation. Unr gene disruption did not change the growth properties of ES cells. The doubling times of unr þ / þ and unr À/À cells were identical (B11 h), and a similar cell cycle distribution was observed by flow cytometry for both cell types (B25% of cells in the G 1 phase, B70% in the S phase and B3% in the G 2 /M phase).
We then analysed unr þ / þ and unr À/À cell survival following exposure to IR, using a clonogenic assay. Figure 1 shows the survival curves of unr À/À clones A and B (white symbols) and wild-type ES cells (black symbols) after exposure to increasing doses of girradiation. A more than threefold increase in the ED 50 values was observed for both unr À/À ES clones (ED 50 B3.5 Gy) as compared to their wild-type counterpart (ED 50 B1 Gy). These results indicate that in ES cells Unr upregulates cell death induced by IR.
Cellular responses to DNA damage may include activation of DNA repair pathways, arrest of cell cycle progression and/or apoptotic cell death (Evan and Littlewood, 1998) . We then examined whether Unr could affect cell survival of DNA-damage-bearing cells by modulating either one of these pathways.
Normal DNA repair and G 2 /M checkpoint in g-irradiated unr À/À ES cells IR induces formation of DNA single-and double-strand breaks as well as indirect DNA damage through production of free radicals, all contributing to cell death. Using the alkaline elution technique (Kohn et al., 1981; Markovits et al., 1989) , we determined that g-rays induced a dose-dependent similar frequency of random single-strand breaks in unr þ / þ and unr À/À ES cells and that the kinetics of DNA repair were similar in both cell types (not shown).
IR is known to induce a predominant G 2 arrest in mouse ES cells. To examine whether cell cycle arrest was affected in Unr-deficient cells, we compared cell cycle distributions of unr þ / þ and unr À/À ES cells at 3 and 5 h after exposure to IR (8 Gy). DNA synthesis was measured by labeling the cells with bromodeoxyuridine (BrdU) 3 h before sampling, and the level of incorporation of BrdU and cellular DNA content were simultaneously analysed by flow cytometry. The cell cycle modifications induced by IR (increased S-phase length and accumulation in G 2 ) were identical in unr þ / þ and unr À/À ES cells (not shown). Therefore, unr À/À cell resistance to IR is not associated with an increased repair capacity of these cells or to an altered cell cycle response.
Unr-deficient ES cells are resistant to g-radiation-induced apoptosis and necrosis We next examined whether radiation resistance of unr Cell death in Unr-deficient ES and HuH7 cells V Dormoy-Raclet et al death was determined using a flow cytometric method in which cells were co-stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI). Cells entering apoptosis were Annexin V-positive and PI-negative, whereas late apoptotic and necrotic cells were Annexin V-positive and PI-positive. As shown in Figure 2a , the background level of apoptosis in untreated cells was similar for unr þ / þ and unr À/À cells (approximately 6-8%). By 21 h after irradiation, an increase in apoptosis and necrosis was observed for both cell types, but to a lesser extent for unr À/À cells as compared to unr þ / þ cells: the number of apoptotic cells (lower right) was 4.6-fold increased for unr þ / þ cells and less than twofold for unr À/À cells; the number of necrotic cells (upper right) was 7.9-and 3.7-fold increased for unr þ / þ and unr À/À cells, respectively (Figure 2b ). These results show that the resistance of unr À/À cells to IR is associated with a decreased induction of apoptosis/ necrosis. (Figure 3a) , were then exposed to IR (8 Gy). The number of apoptotic cells, measured 21 h later by flow cytometry, was identical in untreated unr À/À cells transfected with either Flag-Unr or the empty vector pSG5 (Figure 3b ), indicating that Unr expression alone does not activate apoptosis. However, after g-irradiation, induction of apoptosis was twice higher in unr À/À cells transfected with Flag-Unr than in cells transfected with pSG5. The percentage of apoptotic cells in Flag-Unr-transfected cells after IR (26%) was very close to that observed for wild-type cells (30%) in the same conditions. Therefore, reintroduction of Unr expression in unr À/À cells restored their sensitivity to g-irradiation, showing that this resistance is a direct consequence of the lack of Unr.
Reintroduction of Unr expression in
We then examined whether the RNA-binding capability of Unr was necessary to sensitize ES cells to apoptosis induced by IR. To address this question, we used an expression vector (pSG-UnrCSD1*) in which the Unr coding sequence contains a point mutation in the first CSD, severely impairing the RNA-binding activity of Unr (Brown and Jackson, 2004) . unr À/À ES cells were transfected with pSG5, pSG-FlagUnr or pSGUnrCSD1* (Figure 3a) , and subjected to g-irradiation as Cell death in Unr-deficient ES and HuH7 cells V Dormoy-Raclet et al above. The percentage of apoptotic cells after IR in cells transfected with pSG5 or pSG-UnrCSD1* (13-11%) was not significantly different ( Figure 3b ). These results show that the RNA-binding activity of Unr is required for the sensitization of ES cells to IR-induced apoptosis.
Unr expression and activity is maintained following g-irradiation Modification of Unr expression following g-irradiation of ES unr þ / þ cells was investigated by Western blot analysis. Figure 4a shows that at 2 and 24 h after irradiation (12 Gy), the 87 kDa Unr protein was detected without significant change in intensity as compared to mock-irradiated cells. Unr protein expression thus remained unchanged upon death induction conditions, without appearance of cleavage products.
To assess the functionality of Unr following IR, we tested its capacity to stimulate poliovirus RNA translation, as it has been established that Unr is required for IRES-directed poliovirus translation (Boussadia et al., 2003) . The assay consisted of transient transfection of a dicistronic construct containing the poliovirus IRES (pCROL) or the EMCV IRES (pCREL) in wild-type or Unr-deficient ES cells. Figure 4b shows that, in untreated cells, the poliovirus IRES activity is B20-fold lower in unr À/À than in unr þ / þ ES cells, as expected. The EMCV IRES activity, which does not depend on Unr, remained constant. After exposure of wild-type ES cells to IR, the poliovirus IRES activity remained B15-fold higher in unr þ / þ than in unr À/À cells (Figure 4b ), indicating that Unr retained its ability to support the poliovirus-mediated internal translation up to 24 h after irradiation.
Apoptosis signaling pathways impaired in unr À/À ES cells As caspase-3 plays a critical role in mediating apoptosis, we examined whether the differential apoptotic response in wild-type and Unr-deficient ES cells is related to caspase-3 activity. Caspase-3 exists in unstressed cells as an inactive pro-caspase-3 (p32) form, which, in response to a variety of death signals, is cleaved by caspase-9 into an active form (p17). ES cells were exposed to IR (12 Gy) and whole-cell lysates were prepared at 2 and 24 h after treatment. As shown in Figure 5a , the level of pro-caspase-3 before irradiation was B2-fold lower in unr À/À than in unr þ / þ cells. After irradiation, the amount of active caspase-3, undetectable in untreated cells, increased at 2 and 24 h, and again was B2-fold lower in unr À/À than in unr þ / þ cells. In many cell types, including ES cells, the p53 tumor suppressor protein is known as a central determinant in the cellular response to IR, leading to cell cycle arrest and apoptosis (Giaccia and Kastan, 1998) . To determine the p53 protein level in unr þ / þ compared to unr À/À cells, ES cells were exposed to IR and whole-cell lysates were isolated at 2.5, 8 and 24 h after irradiation. As shown in Figure 5b , p53 was poorly detectable in untreated cells, independent of their unr genotype. At 2.5 h after irradiation, the level of total p53 increased in both unr þ / þ and unr À/À cells, to reach an B3.5-fold higher þ / þ and unr À/À ES cells damaged by IR. Proteins were collected from cells incubated for different times after exposure to IR (12 Gy). Times after IR are indicated and the primary antibodies used are indicated (the anti-caspase-3 antibody recognizes both pro-caspase-3 and cleaved caspase-3). p53 protein levels were quantified as described in Materials and methods, and normalized to alpha tubulin levels. The ratios between p53 protein levels in unr þ / þ and unr À/À cells (mean of two experiments) were calculated and are presented (the level of p53 in unr À/À cells was taken as 1, for each time point).
Cell death in Unr-deficient ES and HuH7 cells V Dormoy-Raclet et al level in unr þ / þ than in unr À/À cells (quantification of p53 protein was normalized to a-tubulin). At 8 and 24 h after IR, p53 expression remained higher in unr þ / þ than in unr À/À cells. We also examined the expression of Apaf-1, Bax and Bcl-2, three main pro-or anti-apoptotic regulators. We found that these three proteins remained constant in unr þ / þ and unr À/À cells, in control and irradiated cells (not shown).
Interestingly, in an ongoing study using microarrays (to be published), two pro-apoptotic genes, caspase-3 and growth arrest and DNA damage-inducible 45 gamma (Gadd45g), were downregulated (twofold) in unr À/À as compared to unr þ / þ cells. To confirm these results, the levels of caspase-3 and Gadd45g mRNAs extracted from unr þ / þ and unr À/À cells were determined by quantitative reverse transcription-PCR (qRT-PCR). The level of Mrp127 (mitochondrial ribosomal protein 27) mRNA, unchanged in the microarray analysis, was assessed as well and used to normalize the results. As shown in Figure 6a , the caspase-3 and Gadd45g transcripts were B2-fold less abundant in unr À/À than in unr þ / þ ES cells. These results indicated that Unr, directly or indirectly, upregulates caspase-3 and Gadd45g mRNAs accumulation in ES cells. To test whether the lower caspase-3 and Gadd45g mRNA steady-state levels were only due to the Unr status, we transfected unr À/À cells with the pSG-FlagUnr expression vector, or with the empty vector pSG5, and total RNAs were prepared from cells harvested at 20 h after transfection. As shown in Figure 6b , an increase in caspase-3 and Gadd45g mRNA levels (1.6-and 1.5-fold, respectively) was detected in cells transfected with UnrFlag as compared to those transfected with BAP-Flag. From these results, we concluded that the decreased expression of caspase-3 and Gadd45g in unr À/À cells was a direct consequence of Unr inactivation.
Altogether, these results show that the decreased apoptosis induction observed in g-irradiated unr À/À cells is associated with lower levels of three pro-apoptotic genes, p53, Gadd45g and caspase-3.
Unr small inhibitory RNA induces apoptosis in HuH7 cells
Response to DNA damage differs markedly between ES cells and somatic cells. Mouse ES cells lack a G 1 checkpoint (Hirao et al., 2000; Hong and Stambrook, 2004) and are hypersensitive to DNA damage. This led us to examine the function of Unr in somatic cells. As unr À/À mouse embryos die at 10.5 days of gestation, we could not perform this study in unr À/À mouse embryonic fibroblasts (MEFs). We used human hepatoma HuH7 cells (Nakabayashi et al., 1984) which are easily transfectable, to evaluate the consequences of Unr depletion on cell viability of somatic cells. Two different siRNAs targeting Unr, AB2 and AB4, were introduced into HuH7 cells. Immunoblotting revealed that transfection with the Unr siRNA AB2 reduced Unr levels by >90% over the 4-day time course of siRNA treatment, as compared to control cells (Figure 7a ). AB4 was also able to produce a similar reduction of Unr abundance (not shown).
We next investigated whether knockdown of Unr affected HuH7 cell viability. We transfected cells with the Unr siRNA AB2 or with a control siRNA. We then irradiated the cells or left the cells untreated, and 24 h after IR (12 Gy), cell death was determined by flow cytometry analysis. Unr knockdown by AB2 resulted in an increased apoptosis (Annexin V-positive and PI-negative cells) and necrosis (Annexin V-positive and PI-positive cells), both in unirradiated and g-irradiated cells (Figure 7b ). After Unr knockdown, the number of apoptotic cells increased from 1 to 9% in untreated HuH7 cells, and from 2.5 to 31% in g-irradiated cells; the number of necrotic cells was 2.5-and 3-fold increased in mock-and g-irradiated cells, respectively. Similar results were obtained with siRNA AB4 (not shown). In contrast to ES cells, these results show that Unr depletion in HuH7 cells increases apoptosis, both in untreated cells and after IR.
To confirm the anti-apoptotic function of Unr in HuH7 cells, we overexpressed Unr by transient transfection with a Unr expression vector. Forty-eight hours after transfection, cells were g-irradiated (or mockirradiated), and cell death was determined using flow cytometry analysis as above. In untreated HuH7 cells, overexpression of Unr (shown in Figure 8a ) did not significantly change the number of apoptotic cells ( Figure 8b) ; however, the increase in apoptosis following IR was greatly reduced in cells overexpressing Unr as Together, these results uncover an anti-apoptotic function for Unr in both untreated and g-irradiated HuH7 cells.
Discussion
In the present study, we developed a genetic approach to analyse the role of Unr in the cell's response to genotoxic stress. This strategy, based either on the use of ES cells carrying a unr null mutation or Unr knockdown by RNA interference in HuH7 cells, allowed us to assess the role of Unr expressed at physiological levels, avoiding possible artifacts resulting from an overexpression of the protein. We determined that Unr deficiency, which had no significant effect on the proliferation and survival of ES cells under growing conditions, was associated with an increased survival following g-irradiation. We further determined that in response to IR, unr À/À cells were arrested normally in G 2 /M but were impaired in their ability to undergo apoptosis and necrosis as compared to wild-type ES cells. Thus, Unr is acting in ES cells as a positive regulator of cell death induced by IR. In contrast, Unr depletion in the somatic HuH7 cells promoted apoptosis both in untreated and g-irradiated cells.
Unr expression was maintained up to 24 h following IR, without appearance of proteolytic degradation products, which is consistent with a functional role of Unr during apoptosis. Unr contains an IRES element located in the 5 0 untranslated region (UTR) of unr mRNAs (Dormoy-Raclet et al., 2005) , which could maintain Unr synthesis under stress conditions (Carter and Sarnow, 2000; Henis-Korenblit et al., 2000) . Finally, Unr activity, as determined by its capacity to stimulate the poliovirus IRES activity (Boussadia et al., 2003) , was unaffected following irradiation of ES cells. Unr thus remains functional under apoptotic conditions. 
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The pro-apoptotic role of Unr in ES cells was somehow surprising, as the procaryotic and eucaryotic CSPs and YB-1, respectively, are known to promote resistance to a variety of stresses (Ohga et al., 1996; Yamanaka et al., 1998; Swamynathan et al., 2002; Verbenko et al., 2003; Lu et al., 2005) . As the choice in response to genotoxic treatments between cell cycle arrest, which allows cells to repair DNA and survive, and apoptosis, which eliminates cells with damaged genomes, depends on the extent of drug injury and cell type (Giaccia and Kastan, 1998) , we hypothesized that the pro-apoptotic role of Unr could be cell-type-specific. Actually, in the somatic cell line HuH7, reduction of Unr level by siRNA markedly increased apoptosis in g-irradiated HuH7 cells.
These results uncover opposite pro-or anti-apoptotic functions of Unr in ES and HuH7 cells, respectively. Opposite pro-or anti-apoptotic functions of proteins in stem versus somatic cells have been previously reported. Noticeably, totipotent ES cells carrying a p53 null mutation were reported to be less sensitive to IR than wild-type ES cells (Corbet et al., 1999) , whereas differentiated p53 À/À ES cells (treated with retinoic acid) showed a sensitivity to IR similar to that of wild-type ES cells (Chao et al., 2000) . Other p53-deficient somatic cells were reported to be hypersensitive to genotoxic stresses (Hawkins et al., 1996; Smith et al., 2000) . Opposite pro-survival or pro-apoptotic roles of DNA-PK in MEFs versus ES cells have also been documented (Lees-Miller et al., 1995; Gao et al., 1998; Woo et al., 2002) . The pro-apoptotic function of p53 and DNA-PK in undifferentiated ES cells has been linked to specific features of these cells. The main difference in the response of ES cells to different genotoxic treatments is the absence of p53-dependent arrest in G 1 and an increased tendency to undergo p53-dependent apoptosis (Corbet et al., 1999; Chao et al., 2000; Kim et al., 2002) . These characteristics of ES cells responses to genotoxic stress are thought to avoid a high rate of embryonic malformations by eliminating cells with damaged genomes (Heyer et al., 2000; Kim et al., 2002; Hong and Stambrook, 2004) .
We produced evidences that three pro-apoptotic genes, p53, caspase-3 and Gadd45g, are repressed in ES cells depleted of Unr, leading to their decreased sensitivity to IR-induced apoptosis. The p53 tumor suppressor protein is known as a central determinant in the cellular response to IR, leading to cell cycle arrest and apoptosis in many cell types, including ES cells (Giaccia and Kastan, 1998; Chao et al., 2000; Hirao et al., 2000) . The Gadd45 family, consisting of Gadd45a, b and g, that are induced in response to DNA damage by both p53-dependent and -independent mechanisms (Kastan et al., 1992; Hirose et al., 2003; Yoshida et al., 2005) control pathways leading to cell cycle arrest and/ or apoptosis (Takekawa and Saito, 1998; Sheikh et al., 2000; Chung et al., 2003) . Gadd45g expression was repressed by twofold in unr À/À cells (Figure 6b ). Such variations may have physiological consequences as, in different cancer cells, a 1.5-to threefold induction of Gadd45a and g led to apoptosis (Zerbini et al., 2004) .
Whether Unr directly or indirectly upregulates p53, Gadd45g and caspase-3 gene expression remains to be determined. Our results showed that whereas the p53 protein level was repressed in unr À/À ES cells, the p53-mRNA levels were similar in unr þ / þ and unr À/À ES cells (not shown). Two mechanisms could lead to the lower p53 protein level in Unr-deficient cells: a less efficient translation and/or an impaired phosphorylation, as accumulating evidences suggest that Ser18 phosphorylation of p53 is essential for both p53 stabilization and activation. An Unr-mediated stimulation of p53 mRNA translation is an interesting possibility, in the light of the recent reports describing the presence of an IRES located within the 5 0 -UTR of p53 mRNA, which is activated in response to etoposide-induced DNA damage (Ray et al., 2006; Yang et al., 2006) . Caspase-3 is downregulated in unr À/À ES cells at the protein ( Figure 5a ) and mRNA (Figure 6a ) levels. Although a transcriptional regulation of the caspase-3 gene has been documented, a regulation of caspase-3 mRNA turnover could also be considered.
Post-transcriptional gene regulation is critical in the cell response to genotoxic stresses (Fan et al., 2002) . However, the mechanism(s) by which RBPs modulate cell death are only partially understood. The multifunctional RBPs hnRNPA1/A2, HuR and La protect different cell types from apoptosis (Patry et al., 2003; Trotta et al., 2003; Lal et al., 2005) . Although the pathways altered in the hnRNPA1 knockdown cells are unknown (Patry et al., 2003) , La and HuR proteins inhibit and/or enhance genes encoding several proapoptotic proteins, including mdm2, X-linked inhibitor of apoptosis, prothymosinea and p53 (Holcik et al., 2000; Mazan-Mamczarz et al., 2003; Trotta et al., 2003; Lal et al., 2005) .
Linking the RNA-binding activity of RBPs to the mammalian genotoxic response is a challenging question. An attractive model is that RBPs coordinate the post-transcriptional regulation of subsets of mRNAs by binding specific motifs present in the 5 0 -or 3 0 -UTR of the transcripts (Keene and Tenenbaum, 2002) . We determined that the RNA-binding activity of Unr is required for its pro-apoptotic function in ES cells (Figure 4b ). Further studies aimed at identifying en masse the mRNAs bound in vivo to the Unr proteins that are required to establish a link between the functional role of Unr in mRNA metabolism and its pro-apoptotic role in ES cells.
In the human hepatoma HuH7 cell line, Unr depletion resulted in apoptosis induction. HuH7 cells bear a point mutation in codon 220 of the p53 gene that inactivates p53 transcriptional activity (Kubicka et al., 1997) . The mechanisms underlying the induction of p53-independent apoptosis upon Unr knockdown in these cells have not yet been investigated. Nevertheless, triggering apoptosis upon RBP depletion in cancer cells, including p53-compromised cells, has been documented for HuR, hnRNPA1/A2, ASF/SF2, La antigen (Mukhopadhyay et al., 2003; Patry et al., 2003; Trotta et al., 2003; Lal et al., 2005; Li et al., 2005) and Unr (this work). Manipulating the level of these RBPs may Cell death in Unr-deficient ES and HuH7 cells V Dormoy-Raclet et al constitute a specific approach to sensitize cancer cells to anti-cancer treatments.
Materials and methods
Cell culture and DNA transfections ES cells were maintained on a layer of mitomycin C-treated MEFs in Dulbecco's modified Eagle's culture medium (DMEM), supplemented with 15% fetal calf serum (FCS), 150 mM monothioglycerol (Sigma) and 1000 U of leukemia inhibitory factor per milliliter (ESGRO). unr þ /À and unr À/À ES cell lines have been described previously (Boussadia et al., 2003) . HuH7 cells, derived from a hepatocellular carcinoma were maintained in DMEM supplemented with 10% FCS and 100 mg/ml penicillin. Feeder-free ES cells (2 Â 10 6 cells) were transfected with 7.5 mg of plasmids using Fugene 6 reagent (Roche Diagnostics, Meylan, France), as previously described previously (Boussadia et al., 2003) . HuH7 (3 Â 10 5 cells) were transfected with 1 mg of plasmids using Lipofectamine 2000 (Invitrogen) as transfection reagent.
Plasmids pSGFlag-Unr has been described previously (Boussadia et al., 2003) . To construct pSG-UnrCSD1*, a Kpn-EcoRV unr cDNA fragment encompassing the first CSD (nucleotides 226-856 from ATG) was excised from pET-unrCSD1* plasmid (Brown and Jackson, 2004) and ligated into pSGFlag-Unr previously digested with Kpn-EcoRV. The dicistronic constructs used in this study have been described previously (Huez et al., 1998) .
RNA interference siRNA oligonucleotides were purchased as annealed duplex from Eurogentec (Seraing, Belgium). Two siRNA sequences targeting human Unr (EMBL accession number X68286) were selected from a pool of four sequences previously used to knock down Unr in NIH3T3 cells (Chang et al., 2004) . They cover nucleotides 608-625 (GGACAGAAAGGUAAAGAA) (AB2) and 1372-1390 (GAGAUAAGGUUGAAUUUAG) (AB4), from the start codon. The control double-stranded RNA (dsRNA) (SC) was submitted to a BLAST search to ensure that no human gene was targeted. HuH7 cells (3 Â 10 5 ) were plated in 60 mm Petri dishes. After 24 h, cells were transfected with dsRNAs at a concentration of 100 nM using lipofectamine 2000 as transfection reagent, according to the manufacturer's recommendations. Through this procedure, at least 80% of the cells were transfected as indicated by the control measuring the penetration of a fluorescent oligonucleotide.
Survival determination ES cells (5 Â 10
5
) from exponentially growing cell culture were plated in 60-mm dishes 40 h before irradiation at various doses with a cobalt irradiator (Gammatron, Siemmens) at a dose rate of 1.0 Gy/min. Control, mock-irradiated dishes, were incubated under the same conditions in the absence of the source. Colonies were fixed and stained with crystal violet after 4 days in culture. Only colonies containing >50 cells were counted. Each point on the survival curves represents the mean of three independent determinations. For each experiment, three replicate dishes were examined for each dose. After normalization for the plating efficiencies of the untreated cells, the fractional survival was determined at each dose.
Cell cycle analysis ES cells were mock-or g-irradiated (8 Gy) as above and immediately treated with 10 mM BrdU for 30 min. Three or five hours after, cells were collected and fixed with ice-cold ethanol for 24 h. Double staining with 5 mg/ml PI and FITC-anti-BrdU antibody (BD Biosciences, Erembedegen, Belgium) was performed according to the manufacturer's protocol. BrdU uptake and DNA content were determined by analysis on a FACSCAN flow cytometer. Cell Quest (BD Biosciences) software was used for data acquisition and analysis.
Apoptosis analysis ES or HuH7 cells were mock-irradiated or exposed to girradiation (8 and 12 Gy, respectively) as above. Twenty-one hours after irradiation, adherent cells were recovered by trypsinization and pooled with floating cells. Apoptotic cells were identified by staining with the Annexin V-FITC kit (Beckman Coulter Immunotech) as recommended by the manufacturer for FACs analysis to detect apoptotic and viable cells.
Western blot analysis
For preparation of whole-cell lysates, adherent and detached cells were collected. Adherent ES cells were depleted of feeders by incubation on gelatinized plates as previously described (Boussadia et al., 2003) . Samples were fractionated by SDSpolyacrylamide gel electrophoresis, transferred to Immobilon-P membranes (Millipore, Molsheim, France) and probed with the following antibodies: anti-Unr (1:600); anti-caspase-3 (Cell Signaling, Ozyme, Saint Quentin en Yvelines, France, 1:1000); anti-p53 (1:200), anti-Bax and anti-Bcl-2 (1:500 dilution) (Santa Cruz, Tebu-bio, Le Perray en Yvelines, France); anti-Apaf-1 (BD Pharmingen, Erembedegen, Belgium, 1:1000); a-tubulin (1:20 000) and Flag M5 (1:600) (Sigma, Saint-Quentin Fallavier, France). Horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse antibodies (Amersham-Biosciences, Orsay, France) were used as the secondary antibodies. Blots were developed with the Amersham enhanced chemiluminescence system. Quantification of protein levels was performed using the software NIH Image.
Real-time RT-PCR RNA aliquots (1 mg) treated with RQ1 RNase-free DNase were reverse-transcribed with oligo-(dT) and SuperScript reverse transcriptase (Invitrogen). For each gene, real-time PCR reactions were performed in triplicate using the iCycler IQ real-time PCR detection system (Bio-Rad, Marnes la coquette, France), as described previously (Dormoy-Raclet et al., 2005) . Sequences of primers used in Q PCR were mCaspase-3 (L: 5 0 -GAG ATG GCT TGC CAG AAG AT-3 0 , R: 5 0 -TAA CGC GAG TGA GAA TGT GC-3 0 ), mp53 (L: 5 0 -AAGTCCTTTGCCCTGAACTG-3 0 , R: 5 0 -CTGTAGCATG GGCATCCTTT-3 0 ), mMrpl27 (L: 5 0 -TGG CAC TCA GCG TCA GTT TA-3 0 , R: 5 0 -GGG CAC GTA GAC ATC TTT CG-3 0 ), and mGadd45g (L: 5 0 -GTT GAT TCA GGC GTT CTG CT-3 0 , R: 5 0 -GCT CTC CTC GCA GAA CAA AC-3 0 ).
Luciferase assays
The activities of firefly and Renilla luciferases in lysates prepared from transfected cells were measured using a Dualluciferase reporter system (Promega, Charbonnie`res les-bains, France). Luciferase activities were measured with a Lumistar Galaxy (BMG) luminometer and the IRES activity was determined by calculating the Fluc (second cistron) to Rluc (first cistron) ratios.
